Abstract Cardiomyocyte dedifferentiation, as detected in hibernating myocardium of chronic ischemic patients, is one of the characteristics seen at the border of myocardial infarcts in small and large animals. Our objectives were to study in detail the morphological changes occurring at the border zone of a rabbit myocardial infarction and its use as model for hibernating myocardium. Ligation of the left coronary artery (LAD) was performed on rabbit hearts and animals were sacrificed at 2, 4, 8 and 12 weeks postinfarction. These hearts together with a non-infarcted control heart were perfusion-fixed and tissue samples were embedded in epoxy resin. Hibernating cardiomyocytes were mainly distributed in the non-infarcted region adjacent to the border zone of infarcted myocardium but only in a limited number. In the border zone itself vacuolated cardiomyocytes surrounded by fibrotic tissue were frequently observed. Ultrastructural analysis of these vacuolated cells revealed the presence of a basal lamina inside the vacuoles adjacent to the surrounding membrane, the presence of pinocytotic vesicles and an association with cisternae of the sarcoplasmatic reticulum. Myocyte quantitative analyses revealed a gradual increase in vacuolar area/total cell area ratio and in collagen fibril deposition inside the vacuoles from 2 to 12 weeks post-infarction. Related to the remote zone, the increase in cell width of myocytes located in and adjacent to the border zone demonstrated cellular hypertrophy. These results indicate the occurrence of cardiomyocyte remodelling mechanisms in the border zone and adjacent regions of infarcted myocardium. It is suggested that the vacuoles represent plasma membrane invaginations and/or dilatations of T-tubular structures.
Introduction
The border zone of a myocardial infarction can be conceptualized as ischemically damaged though viable myocardium adjacent to an evolving myocardial infarction [1] . At the border zone of infarcted myocardium, viable cardiomyocytes (CM's) undergo drastic reorganization of cellcell and cell-extracellular matrix interactions. They lose cell-cell connections because of the death of neighbouring cardiomyocytes and subsequent anchoring to scar tissue [2] . Furthermore, it has been shown that the border zone of infarcted myocardium in larger animals such as dog and sheep may comprise a considerable number of dedifferentiated CM's, which are phenotypically similar to those seen in chronic hibernation [3] [4] [5] . Partial dedifferentiated cardiomyocytes have recently been described as well in the border zone of rat myocardium after myocardial infarction [6] . Hibernation of the myocardium was originally described as a protective mechanism of the heart in which it down regulates its contracting function to cope with oxygen shortage, caused by a chronic or repetitive underperfusion accompanied by a limited flow reserve [7] . The most obvious subcellular changes in these dedifferentiated CM's were described later on and comprised sarcomere depletion, glycogen accumulation, nuclear heterochromatin redistribution, mitochondrial shape changes and sarcoplasmic reticulum breakdown, giving the CM's a fetal/ neonatal-like phenotype [3] . After revascularisation, the hibernating segments often show a delayed recovery of function which can take a few months to more than one year in a fraction of patients with chronic hibernating myocardium [8] . It has been suggested that the structural remodelling found in chronic hibernating myocardium is at least partially responsible for this delayed recovery of function [9] [10] [11] . In recent studies we have also characterized the dedifferentiation process in an in vitro model by co-culturing adult rabbit CM's with cardiac fibroblasts [12, 13] . These studies showed large similarities in structural characteristics of hibernation-like dedifferentiation between rabbit and human CM's. As shown in previous reports, the rabbit heart appears to be similar in certain aspects to the human heart in that it presents a minor network of collateral coronary vessels under physiologic conditions [14, 15] . Moreover, a histopathological study of the evolution of myocardial infarction without reperfusion in rabbit hearts also showed similarities to the human situation [15] . Therefore, to find out whether the rabbit heart can be used as a small animal model system for detailed studies on hibernation-like structural adaptations in CM's, myocardial infarcts were induced by coronary artery ligation, giving special attention to the infarct border zone.
The specimens were examined by light and electron microscopy and showed the presence of only a limited amount of hibernating myocardial cells. Obviously, CM's with apparent vacuolization were observed in the border zone of infarcted myocardium.
Materials and methods
All experimental procedures and protocols were carried out according to the Dutch law on animal experimentation and approved by the Animal Experimental Committee of Maastricht University. The investigation conforms to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23 revised 1996).
Drugs and chemicals
Nimatek ketamine was purchased from Eurovet Animal Health (Bladel, NL), Diazepam from Centrafarm BV (Etten-Leur, NL) and Forene isoflurane from Abbott BV (Hoofddorp, NL). Pentrexyl ampicilline was purchased from Bristol-Myers Squibb BV (Woerden, NL) and Temgesic buprenorphine from Schering-Plough BV (Utrecht, NL).
Veronal acetate, Toluidin Blue O and HEPES were obtained from Sigma Chemical (St Louis, USA). Epoxy resin and uranyl acetate were purchased from LADD Research industries (Vermont, USA) and osmium tetroxide was from Electron Microscopy Services (Hatfield, UK). Glutaraldehyde, lead citrate, periodic acid Schiff and the KRH-buffer substitutes were purchased from Merck (Darmstadt, Germany).
Experimental animals

Development of coronary ligation model
In four New Zealand rabbits, weighing between 2 and 3 kg, a myocardial infarction was induced by ligation of a branch of the left anterior descending coronary artery (LAD). The rabbits were anaesthetized with Ketamine (15 mg/kg, i.m.) and Diazepam (0.5 mg/kg, i.m.). After endotracheal intubation, the rabbits were ventilated with a mixture of O 2 and N 2 O (1:2) and 1.5-2.5% isofluran, whereafter an intramuscular injection of ampicilline (250 mg/kg) was given. A twelve lead electrocardiogram was recorded throughout the operation. A left thoracotomy was made through the fifth intercostal space and the pericardium was opened. To produce an anterior myocardial infarction, a distal branch of the LAD was selected for ligation. A suture was placed around the vessel, which could be tightened by a silicon tube. The selected artery was temporarily occluded and the extent of ischemia was visually and electrocardiographically assessed for 15 min, whereafter the artery was permanently ligated. After the surgical procedure, the chest was closed and 0.04 mg/kg buprenorfine was administered by intramuscular injection.
Measurement of the electrocardiogram
A standard ECG was recorded under anesthesia at a chartspeed of 25 mm/s. A successful induction of myocardial infarction was confirmed by elevation of the ST segment by more than 0.2 mV in leads I, II and aVL.
Fixation by Langendorff perfusion
Four rabbit hearts at 2, 4, 8 and 12 weeks after induction of the myocardial infarction and one rabbit heart without ligation were excised and immediately perfused during 5 min via the aorta with a modified Krebs-Ringer-Henseleit buffer (120 mM NaCl, 2.5 mM KCl, 1.5 mM KH 2 PO 4 , 1.2 mM MgSO 4 . 7H 2 O, 10 mM HEPES, 9.5 mM glucose and 5 mM pyruvate) to rinse the blood out of the coronary blood vessels. Subsequently, the heart was fixed by perfusion with 3% glutaraldehyde buffered to pH 7.4 with 90 mM KH 2 PO 4 for 5 min.
Histopathology and ultrastructure
After perfusion fixation, small biopsies measuring 2 mm in diameter were obtained from the border zone of the infarcted area and immersion fixed for at least 24 h with 3% glutaraldehyde buffered to pH 7.4 with 90 mM KH 2 PO 4 . Thereafter, the samples were washed in the same buffer for 24 h and post-fixed for 1 h in 2% OsO 4 buffered to pH 7.4 with veronal acetate. Next, the samples were rapidly dehydrated through a graded ethanol series, and routinely embedded in Epon. Semi-thin sections were stained with periodic acid Schiff (PAS) and/or toluidin blue for light microscopical evaluation. Ultra-thin sections were counterstained with uranyl acetate and lead citrate prior to examination in a Philips CM100 electron microscope.
Quantitative evaluation
For morphometric analysis of the infarcted and non-infarcted myocardial light microscopical sections, a Leica DM 5000B microscope equipped with a Leica DC 300 FX camera was used in combination with a computerized surface determination method i.e. Leica QWin morphometry software v. 3.2.1. (Leica, Cambridge Instruments, Ltd., Cambridge, UK) that employed onscreen visualization of the cardiac sections. Cell width of CM's was measured in the border zone of infarcted myocardium, in the adjacent non-infarcted region (limited to a thickness of eight cell layers) and in the remote zone of the infarcted hearts; in the non-infarcted control heart an area beneath the level of the ligation site was selected. Only CM's containing a recognizable nucleus were analyzed for this parameter. Vacuole area and total cell area was measured in CM's surrounded by fibrotic tissue in the border zone of infarcted myocardium. The ratio of the vacuole area versus the total cell area was calculated and expressed as percentage.
Collagen fibril deposition in vacuoles of border zone CM's was quantitatively evaluated in the electron microscope. The ratio between the amount of positive vacuoles and the total number of vacuoles per cell was calculated and expressed as percentage.
Statistical analysis
Data are reported as mean ± standard deviation. Statistical significance was indicated by P < 0.05. Regional differences between groups were compared by one-way analysis of variance (ANOVA) for multiple comparisons. Bonferroni post hoc testing was used to determine the significance of the differences between the various groups.
Results
Characterization of the infarct border zone
Macroscopically, ligation of a distal branch of the LAD resulted in a relatively small, near transmural infarct in the apical part of the left ventricle (Fig. 1) . Tissue sections taken from this region were stained by PAS and/or toluidin blue and examined in the light microscope. The three regions of interest were: (1) the border zone of infarcted myocardium in which several transections of CM's could be found which were surrounded by fibrotic scar tissue, (2) the adjacent non-infarcted region and 3) the (non-infarcted) remote zone ( Figs. 1 and 2a, b) . In the samples taken from remote zones and the adjacent non-infarcted regions, fibrotic tissue was not observed and the CM's showed normal mutual associations with each other and with the intermingled microcirculatory blood vessels (Fig. 2a, b) . Figure 3a shows the normal ultrastructural morphology of a CM from a remote zone. Fig. 1 Macroscopical design of the rabbit LAD ligation model. A suture was placed on a side branch of the left anterior descendens coronary artery (indicated by the black box) leading to an infarction (dashed area) of the underlying left ventricular tissue. 5 consecutive slices (I to V) were made of the rabbit heart immediately after perfusion fixation. Several samples were taken from the border zone of infarcted myocardium (1) , from the adjacent non-infarcted region (2) and from the remote zone of the left ventricle (3) Localization of hibernating cardiomyocytes
In the PAS-stained sections a rather small percentage of CM's, mainly present in the adjacent non-infarcted region, showed some dark pink cytoplasmic staining particularly around the nucleus (Fig. 2c) . In the electron microscope these CM's revealed early signs of hibernation i.e. some depletion of sarcomeres in the perinuclear region with concomitant accumulation of glycogen in the cytoplasmic space, a change in mitochondrial ultrastructure characterized by a smaller size and an elongated or donut shape with reorientation of the cristae and a homogeneous distribution of the heterochromatin in the nuclei (Fig. 3b) . A low number of CM's in a more advanced stage of hibernation were also seen, but these cells only occurred in the border zone of infarcted myocardium. The cells showed a high degree of myolysis leaving only a few myofibrils at the periphery of the cell, accompanied by a large accumulation of glycogen (Fig. 3c) . The number of hibernating CM's was relatively small and similar numbers were seen at different time-periods after ligation.
The presence of vacuolated cardiomyocytes
A remarkable phenomenon of the seemingly isolated, viable CM's in the border zone of infarcted myocardium was the frequent occurrence of intracellular vacuoles (Fig. 2b) . These vacuoles were often present in parallel arrays in longitudinally sectioned CM's (Fig. 2d) , and occurred in comparable frequency and appearance at the different time-periods after LAD ligation. In serial light microscopical sections it was seen that the vacuolated CM's were interconnected with each other and finally with the adjacent non-infarcted myocardium. Electron microscopical analysis showed that most vacuolated CM's contained completely normal sarcomeric structures and mitochondria without any sign of ischemic damage or degeneration (Fig. 4a) . Sporadic CM's with structural hallmarks of minor hibernation were seen to contain vacuolar structures as well. Some vacuolated cells revealed lateral irregular protrusions containing myofilaments but no typical sarcomeric apparatus. The vacuoles exhibited a diameter ranging from 200-1,600 nm. In the longitudinally sectioned CM's the parallel arrays of vacuoles were mainly seen at the sarcomeric Z-lines and had a rather similar transverse diameter of about 400 nm (Fig. 4c) . Furthermore, the vacuoles were characterized by the presence of an internal basal lamina (Fig. 4a) , by pinocytotic vesicles (Fig. 4b) and by adjoining cisternae of sarcoplasmic reticulum (Fig. 4b) . Several vacuoles also contained highly electron dense structures of varying size.
Another peculiar finding was the presence of collagen fibrils in part of the vacuolar structures (Fig. 4c) . The number of vacuolated cells positive for collagen fibrils was clearly increased at 8 and 12 weeks after induction of infarction (Fig. 5) . Connections of vacuoles with the outer plasma membrane and dilations of intercalated disc areas were sporadically observed.
Morphometric analysis
The vacuole area/total cell area ratios (%) of the CM's in the border zone of infarcted myocardium 4, 8 and 12 weeks post-infarction were slightly but significant larger than that after 2 weeks post-infarction [5.8 ± 5.6 % (n = 207), 6.3 ± 7.8 % (n = 207), 7.1 ± 5.3 % (n = 249) vs 3.7 ± 3.3% (n = 102), respectively; P < 0.05] (Fig. 6 ). Between 4, 8 and 12 weeks post-infarction the ratios were not significantly different.
The cell widths of the CM's in the border zone of infarcted myocardium and in the adjacent non-infarcted myocardium were significantly larger than those in the remote zone in 2 weeks [20.5 ± 6.4 lm (n = 54) and 20.5 ± 4.6 lm (n = 100) vs. 16.8 ± 3.3 lm (n = 184), respectively; P < 0.05], 4 weeks [18.7 ± 4.8 lm (n = 85) and 18.6 ± 4.3 lm (n = 152) vs. 14.1 ± 2.8 lm (n = 158), respectively; P < 0.05], 8 weeks [14.7 ± 3.6 lm (n = 72) and 18.8 ± 4.0 lm (n = 61) vs. 13.5 ± 2.8 lm (n = 127), (Fig. 7) . At all time-periods after infarction, the cell width of CM's from the adjacent non-infarcted regions were significantly larger than the cell width of CM's located at the corresponding site of the ligated coronary artery in the noninfarcted control heart [0 weeks; 13.3 ± 2.3 lm (n = 200), P < 0.05] (Fig. 7) .
Discussion
This study shows that in the time-period between 2 weeks and 3 months after induction of an infarction by coronary artery ligation, dedifferentiated CM's are found in the rabbit heart. Furthermore, within the border zone of infarcted myocardium viable vacuolated cells were observed which were surrounded by fibrotic tissue. Co-culturing of adult rabbit CM's with cardiac fibroblasts resulted in typical structural characteristics of CM dedifferentiation, resembling human myocardial hibernation [3, 12, 13, 16] . Such hibernating cardiomyocytes have previously been reported at the borders of micro-infarctions induced in sheep after injection of macro-beads into the LAD or CX coronary artery [5] and in regions bordering fibrous scars of dogs with heart failure [4] . Therefore, we speculated that the border zone of infarcted myocardium in the rabbit heart could possibly be used as a small animal model for further studies on hibernating cells. PAS staining indicated that dedifferentiated CM's with the typical morphological characteristics of hibernation were definitely present and that the cells were mainly located in the adjacent non-infarcted region of the infarcted rabbit heart. But, the number of hibernating myocytes appeared too small to be useful for the intended purpose.
The most obvious finding in the border zone of infarcted myocardium, however, was the occurrence of vacuolated cells. This vacuolation was interpreted as unrelated to myocyte degeneration, since the ultrastructural examination revealed completely normal myofibrillar, mitochondrial and other cytoplasmic structures, while also the subcellular distribution of all cytoplasmic organelles was quite normal. Only a few of the vacuolated cells showed minor changes typical for hibernation, indicating that ongoing dedifferentiation is not a prerequisite for the establishment of vacuoles. Furthermore, the vacuolated cells did not resemble the ''remnant cardiomyocytes'' surrounded by scar tissue described by Sharov et al. [4] , since in their study these cells were clearly atrophic. It seems most likely that the vacuolated cells were still under loading condition, as concluded from their mutual interconnection and their connection with the adjacent noninfarcted myocardium. In this way atrophy, as described for unloaded myocardial tissue [4, 17] , may have been avoided. Such regions of viable myocardial cells have also been described for dog heart [18] . The irregular protrusions containing non-structured myofilaments found in our material resemble the CM protrusions described to end in the infarct scar tissue of the rat myocardium [2, 19] . Ultrastructurally, the vacuoles were characterized by a basal lamina closely apposed to its surrounding membrane, and by pinocytotic vesicles at their cytoplasmic side. These characteristics are typical for the sarcolemmal membrane indicating continuity of the vacuolar membrane with the outer sarcolemma [20] . Furthermore, the vacuoles were seen in close proximity to cisternae of the sarcoplasmic reticulum, which may represent part of a diade structure or of sub-sarcolemmal cisternae. All these characteristics point to a possible duality in the nature of the vacuoles, i.e. they originate from invaginations of the plasma membrane and/or from dilatations of the t-tubular system. The fact that (1) the vacuoles were present in parallel arrangement in longitudinally sectioned CMs, (2) that they were often located at the sarcomeric Z-lines and (3) that they were largely devoid of collagen fibrils at week 2 after LAD ligation, might support the idea of dilation of T-tubules. On the other hand, the fact that some vacuoles were connected to the outer sarcolemmal surface may suggest invagination of the outer sarcolemmal membrane, be it that T-tubules should also be regarded as invaginations.
What remains is the question why these vacuoles develop? The fact that they only occur in CMs in the border zone of infarcted myocardium and are always surrounded by fibrotic scar tissue suggests a mutual relation. Enlarged T-tubules running parallel to the longitudinal axis of the CM's and morphologically resembling the vacuoles seen in our study have been described in human left ventricular tissue from end-stage heart failure secondary to dilated cardiomyopathy [21] . Guinea pigs treated with an overload of volatile anaesthetics have been reported to show dilatations of the T-tubules [22] , and dilatation of T-tubules through excessive activation of Na + -K + -ATPase from the sarcoplasmic side of the T-tubule membrane has been described in transected rat soleus muscle [23] . All these studies suggest that pathological conditions can result in changes in T-tubule dimensions. In our study, the pathological environment for vacuolization might be created by a limited blood supply and/or the fibrotic surroundings in combination with the (loading) connection with the adjacent non-infarcted myocardium outside the border zone. The fact that the vacuoles were already established within 2 weeks after ligation suggests that they must have been formed at an early stage. After 4 weeks of post-infarction we observed an increase in vacuole area without further significant increment after 8 and 12 weeks post-infarction. Their presence even after 12 weeks is probably related to the persistence of the pathological environment and probably allowed some ongoing remodelling with the surrounding fibrotic tissue as indicated by the progressive increase of collagen within the lumen of these vacuoles. Another adaptive response during cardiac remodelling is the occurrence of myocyte hypertrophy [24] . A significant increase in cell width was measured in vacuolated CM's and in CM's of the adjacent non-infarcted regions in comparison with the CM's of the remote zone. This observation is consistent with the findings of myocyte hypertrophy in non-infarcted myocardium of small animals after coronary ligation [25, 26] .
In conclusion, this study shows that induction of an infarction by coronary artery ligation in the rabbit heart results in various ways of CM remodelling, i.e. dedifferentiation, vacuolation and hypertrophy. The development of dedifferentiated CM's, with morphological resemblance to hibernation, is rather limited in amount and does not allow to use the ligation procedure as a model system for further detailed research. The vacuoles found in viable hypertrophic CM's in the border zone of infarcted myocardium represent dilated T-tubules and/or invaginations of the plasma membrane, and their formation may have been related to the pathologic environment created in the infarcted myocardium.
